A transcription map of a 5.12 kb region containing the cos ends of actinophage 4 3 1 was determined using RNA prepared from induced and uninduced cultures of the temperature-sensitive lysogen, Streptomyces coelicolor A3(2) (fl3lctsl). In induced cultures, RNA synthesis was detected only late in the lytic cycle. A late operon initiated downstream of the int gene on the righthand end of the genome traversed the cos ends and extended a t least 3.6 kb along the left-hand end. Shorter, possibly processed, mRNAs were also present. The map was superimposed on the DNA sequence of 2.8 kb of the region, part of which had been determined previously and part of which is presented here. The late-expressed transcripts contained a tRNA*-like gene and four ORFs (1,2,3 and 5) detected on the basis of codon bias. Analysis of the putative protein products showed that one of the ORFs could encode a lysis protein and at least one may be involved in DNA maturation. Transcription mapping of RNA from uninduced cultures demonstrated a 620 nt transcript, xRNAl, of ORF6. So far this is the only gene in #C31 found to be expressed right to left with respect to the standard map of &31; its function during lysogenic growth could not be deduced from database searches.
INTRODUCTION
Streptomyes spp. are mycelial, sporulating, Gram-positive bacteria, which produce a wide variety of antibiotics and bioactive molecules (Chater, 1989) . Tools for genetic manipulation of Streptomiyes are required to increase production of these compounds and to create new antibiotics. Vectors developed from the Streptomyes temperate phage 4C31 are widely used, and include various cloning and integration vectors and cosmids (Chater, 1986; Bruton e t al., 1991; Kobler e t al., 1991; Kuhstoss e t al., 1991) . The purpose of this work was to clarify transcription and gene function in the 4C31 cos region.
qK31 has a 41.5 kb linear genome with 3' overhanging, cohesive ends (Lomovskaya e t al., 1980; Kobler e t al., 1991) . The phage repressor gene, c, is located approximately in the middle of the genome with the early genes on the right-hand arm (Lomovskaya e t al., 1980; Harris et al., 1983) . The late genes lie to the left of the c gene and overlap the cos ends (Lomovskaya e t al., 1980; Suarez e t al. , 1992) . The DNA sequence of the essential early region and transcription mapping using RNA prepared from heat-induced cultures of Streptomyes coelicolor (4C31 ctsl) lysogens has shown that all early mRNAs and ORFs read left to right according to the standard map of dC31 (Ingham & Smith, 1992; Hartley e t al., 1994) . Moreover, transcription in the early region was undetectable before induction, maximal at 10 min post-induction, and by 20 min had rapidly declined (Suarez e t al., 1992; Ingham & Smith, 1992) . Early mRNAs arose through the activities of multiple, phage-specific promoters which contained a highly conserved 21 bp sequence (Ingham et al., 1993) . The overlapping nature of the early transcripts is explained by inefficient termination (Ingham & Smith 1992; Ingham e t al., 1995) . Terminators in the early region and in the repressor locus display some sequence con-M 1 3mp 1 9 servation and, like most Streptomyces rho-independent terminators, lack a poly-T tract Ingham e t al., 1995) .
Much less information is available on the control of transcription of the late genes. A global study of transcription in 4C31 demonstrated that late lytic transcription on the left-hand arm largely resulted in a single, unstable mRNA, whilst discrete, presumably more stable transcripts were detected over the cos region (Suarez et al., 1992) . The locations of the late transcripts were approximate and their directionality was not defined. Here, we present a detailed transcription map of a 5.12 kb region containing cos and an analysis of a contiguous DNA sequence of 2785 bp including sequences from + Bacteria, plasmids and bacteriophages. Escherichia coli and Streptomyces strains used were as described by Ingham et al. (1993) . Plasmids and bacteriophages are shown in Table 1 . E. coli and Streptomyces strains were maintained as described by Wilson et al., 1995. DNA manipulations. Restriction enzymes and ligase were purchased from Life Technologies. DNA manipulations were performed according to Sambook e t al. (1989) . Plasmid and phage constructs used in this study are described in Table 1 using the standard maps of Harris e t al. (1983) and Ingham e t al. (1994) . Part of the restriction map of dC31 is reproduced in Fig.  2 ; the restriction sites are identified by co-ordinates which refer to the distance from the rightmost HindIII site, HO, of the integrase gene. mCWHlO and mCWH20 contained the KpnI (K) 1 -3-Hind111 (H) 3-2 and the K 1 -3-SphI ( S)2* 7 fragments , respectively, in M13mp19 and were prepared by digesting mCJIlOO with HifidIII or SphI and religating. mCWH30 and mCWH40 contained the HCkK1.3 and the H042.7 fragments, respectively, in M13mp18 and were prepared by digesting mC JI400 with KpnI or SphI and religating.
Transcription mapping. RNA was prepared from cultures of S. coelicolor A3(2) Jl50l (qK3lctsl) lysogens or non-lysogens which had been grown for 11 h in a rich germination medium, GAE, supplemented with histidine and uracil (Hopwood et al., 1985; Clayton & Bibb, 1990; Smith & Owen, 1991) . RNA was extracted as described previously (Smith & Owen, 1991; Ingham & Smith, 1992) and was stored at -70 "C in 40 pg aliquots. Low resolution S1 mapping was performed as described previously (Ingham & Smith, 1992) . Detecting probes A and B were the 3.82 kb KpnI-F+C and 3.2 kb HifidIII fragments, respectively. The 1.4 kb KpnI-SphI probe C and the 0.5 kb SphI-Hind111 probe D were conveniently prepared from pCJI190, which contained the EcoRI-F + B fragments in pUC19 (Yanisch-Perron e t al., 1985) . Probe E was a 0-68 kb ClaI-SmaI fragment containing the 3' end of the integrase gene from pKC796 (Kuhstoss & Rao, 1991 ; Kuhstoss e t al., 1991) .
DNA sequencing. Both strands of the 3.2 kb HindIII fragment containing cos were sequenced in their entirety. Deletion sets (according to the method of Henikoff, 1987) were prepared using RF DNA from mCWH319 and mCWH419 (Table 1) .
Selected plaques from various time points were used to prepare ssDNA which was then subjected to 'C-track' analysis on sequencing gels using a Sequenase 2.0 Kit (US Biochemicals) and universal primer. This identified clones with overlapping sequences which were then subjected to full sequence analysis using the Sequenase 2.0 kit. Custom primers were used to or mCWH2O and hybridization with probe A. , sequence across any gaps. To read through compressions, dGTP and dITP reactions were run in parallel. Aliquots of the reaction mixtures were loaded on an 8 M urea/5 % (w/v) polyacrylamide (Hydrolink Long Ranger, AT Biochem) sequencing gel. The gels were dried and then exposed to X-ray film for autoradiography .
Analysis of sequence data. With the exception of the analysis of codon bias, which was performed using the 'ccwind' program of D. Shields (Dept of Genetics, Trinity College, Dublin), DNA sequence analysis was performed using the University of Wisconsin GCG package (Devereux et a]., 1984) . These programs were accessed via Daresbury Laboratories Seqnet Service.
RESULTS

The cos region is expressed late during lytic growth
The time at which transcription was maximal was determined using a time course of RNA preparations from induced cultures of 5'. coelicolor (qK3lctsl) lysogens in low resolution S1 mapping experiments (Fig. la) . The RNA was hybridized to a 'protecting' ssDNA probe prepared from M13-derived phages, treated with S1 nuclease and size-fractionated on a 1.2% (w/v) agarose gel. A radioactive 'detecting' probe was then used to visualize the protected DNA in a Southern blot. With mCWH30 as a protecting probe and probe B as the ' detecting ' probe, RNA-DNA hybrids (0.74 and 0.54 kb) were detected only in RNA samples prepared 20-40 min post-induction (Fig. 1 a) . In previous experiments using the same growth and induction conditions, early transcripts were maximal at 10 min post-induction, and almost undetectable by 20 min (Ingham & Smith, 1992 ; Suarez e t al., 1992) . It was concluded that transcription in the cos region is expressed late during the lytic cycle, thus confirming the studies of Suarez e t al. (1992) . No change in the relative abundance of the 0.72 and 0.54 hybrids was observed throughout the growth cycle. A similar pattern of temporal expression was observed using mC JIlOO as the protecting probe (data not shown).
Transcription map of the cos region
Various protecting and detecting probes were used in S1 nuclease protection experiments to map transcripts from the cos region using RNA prepared from induced and uninduced cultures of S. coelicolor (qK31ctsl) (Figs 1, 2) . Use of different ' detecting ' probes (probes A-D) allowed further localization of RNA-DNA hybrids within the protected DNA (see sub-sections below and Figs 1 and 2). The logical interpretation of these data and their localization with respect to the probes is described below and the final map is presented in Fig. 3 . In summary, late transcripts (1RNAs) 1-4 and their counterparts, lRNAla-4a, which lack 100-200 nucleotides at the 5' end, extend from a region to the right of the int gene at the right-hand end of the 4C31 genome to the K5.12 restriction site (and probably further), or to loci designated X, Y or Z in Fig. 3 . lRNAs 5-7 have a common 5' endpoint at X in Fig. 3 and extend to the K5.12 site or When mCWH30 was used as a protection probe, two RNA-DNA hybrids (0.72 and 0.54 kb) were obtained ( Fig. la) whereas when mCWH40 was used (Fig. le) the sizes of the RNA-DNA hybrids increased to 2.0 and 2.1 kb. Based on the difference in sizes of the protecting probes, at least two 5' endpoints are located within the HO-K1.3 fragment. The failure to detect hybrids of mCWH30 using probe E confirmed that these 5' endpoints were downstream of the integrase gene, ink, and that int was not expressed late (data not shown). The 2.7 and 2.55 kb hybrids obtained after protection of RNA with mC JI400 and detected by probes B-D indicated that transcription initiated in the HO-I<1-3 fragment extended into the S2.7-H3.2 region and probably further ; indeed protection Gene expression in the cos region of phage 4C31 the sequence has been determined; the hatched box represents part of the integrase region (Kuhstoss & Rao, 1991) , the black box is the sequence analysed in this report ( '-') and RNA induced for 20min (lanes marked '+I) by mUI200, mCJ1300 and mCJ1400. Hybrids (shown with their sizes by arrows) were detected with probe A. The autoradiograph was exposed for 1 week with an intensifying screen a t -70 "C.
of RNA with mCJIlOO yielded a hybrid (3.85 kb) containing the full length of the insert, indicating that transcription must have proceeded beyond the K5-12 site (Fig. 1b-d) . These mRNAs were designated lRNAs 1 and la, initiating at the upstream and downstream 5' endpoints in the HO-K1.3 fragment, respectively. The 2-2 and 1.9 kb hybrids obtained by protection with mCJI400 and detected by probes B and C but not D (Fig. 1 b-d ) indicated that these transcripts, designated 1RNA2 and 2a, must have initiated at the two 5' endpoints in the H(rK1-3 region and have a common 3' endpoint close to the S2-7 restriction site (X in Fig. 3) . The 1.4 k b hybrid obtained after protection with mCJIlOO was in agreement with a 3' end at X, and this was confirmed by the failure to detect this hybrid with probe D (Fig. 1b-d) . If the 2-05 kb and 3.0 kb hybrids obtained by mCJIlOO protection represent continuation of the 0-72 and 0-54 hybrids obtained with mCWH30, then they reveal the locations of two more 3' ends, the first at Y just downstream of H3.2, and the second 1-1 kb downstream of H3.2 at a site designated 2 (Figs la-d, 2,3 ). Those mRNAs that have their 3' ends at Y and 2 are represented by 1RNA3 and 3a, and 4 and 4a, respectively (Fig. 3) .
The locations of IRNAs 5-7. Protections with probes mCJI100, mCJI400, mCWHlO and mCWH20 defined the position of another mRNA 5' end, shared by lRNAs 5-7, located at or near X (Figs 1-3) . With mCJI400 as the protecting probe, the 0.47 hybrid was detected by probes A (Fig. 4) , B and D (Fig. lb, d ) but not probe C (Fig. lc) , placing this hybrid downstream of the S2-7 site (Fig. 2) . The 0-48 kb hybrid obtained after protection by mCWH10 and detected by probe D almost certainly corresponded to this 0-47 kb hybrid from mCJI400 (Fig. Id, 0. [Note here that the 0.47 kb hybrid obtained after protection by mCWHlO was barely detectable by probe A (Fig. lg) , probably due to low specific activity of the large probe.] Similarly, three hybrids protected by mCJI100, the 0.64, 
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Hind1 I I Fig. 5 . Contiguous sequence of DNA derived from the cos region of &31. This sequence continues rightwards from that of Kuhstoss & Rao (1991) 1.60 and 2.30 kb hybrids (1RNAs 5,6 and 7, respectively), were detected by probes B and D but not C, which also placed them to the right of the S2.7 restriction site, extending into the H3.2 to K5-12 region (Fig. 1b-d) . The 0.64, 1.6 and 1.3 kb hybrids are of the correct sizes to terminate at Y, 2 and beyond K5.12, respectively.
ORF6 is expressed in uninduced lysogens
mCJI200 and mCJI300 ssDNA protected RNA transcribed in the opposite direction to RNA protected by the probes described above. Moreover, mC JI200 and mC JI300 protected RNA prepared from uninduced S. 
Analysis of DNA sequence in the cos region
A contiguous DNA sequence of 2785 bp is presented (Fig. 5) . The sequence extends from the last base of the published integrase region (Kuhstoss & Rao, 1991) to the H3-2 restriction site (Figs 3, 5).
Five ORFs were identified using the codon usage program 'ccwind', which analyses the frequency of obtaining a G or C in the third position of the three reading frames; in G + C-rich DNA there is clear bias towards G or C in the third position of translated ORFs. ORFs 1, 2 and 3, and the partial ORF5 read left to right according to the standard map of 4C31, whilst ORFG reads right to left (Figs 3, 5) . ORFG is unusual in 4C31 in that it is the only ORF discovered so far that reads right to left, and this has been confirmed by transcription mapping (Fig. 3) . The codon usage program did not rule out a possible sixth ORF, ORF4 (co-ordinates 2001-231 8), but its expression in 4C31 was considered unlikely due to the presence of a poor ribosome-binding site (GGTG; coordinates 1992 -1995 , and it would have required the use of the rare leucine codon, UUA (Leskiw e t al., 1993) . Also, in the ORF2/cos region the bias in the codon usage was not as marked as in other regions of the 4C31 genome, and translation of ORF2' (co-ordinates 808-1 134) was considered (see below). The six ORFs were used to search the sequence databases using a BLAST search of GenBank and EMBL ; BLAST and WORDSEARCH searches of Swissprot ; TFASTA searches of OWL, a composite database encompassing Swissprot, PIR, Genbank and Brookhaven ; and the bacteriophage composite database in EMBL.
ORFl may encode a protein belonging to the holin family of lysis proteins. Holins insert into the cell membrane and on multimerisation form pores that lead to lysis (Young, 1992) . The Kyte-Doolittle algorithm for hydropathy predicted two membrane-spanning domains at the N-and C-terminals in ORFl (Fig. 5 ), separated by a central hydrophilic region. No similar proteins were present in the databases although the majority of sequences selected by the BLAST search were membrane proteins or hydrophobic in nature. Holins are an extremely divergent group of proteins (Young, 1992) ; therefore, it was not surprising that no sequence similarities between ORFl and other holins were detected.
A previous search using a partial sequence of ORF2 (now known to be the C-terminal region) showed similarity (48 % identity over 29 aa) to the C-terminal region of the E. cob methylcytosine-specific restriction enzyme, McrA.
ORF2 and McrA are members of a newly discovered family with endonuclease activity as a functional theme ; the conserved residues are thought to comprise the catalytic site for DNase activity (Gorbalenya, 1994) . Our searches also detected similarity between ORF2 and ORF7 from the bC31 early region sequence (albeit only 27% identity overall using BESTFIT), in particular in the DNase motif (40% identity over 30 aa, all of which are also conserved in the ORF2-McrA alignment).
No proteins in the databases had sequence similarity to ORF2'. Using Chou-Fasman predictions of protein secondary structure, ORF2' and A Rz protein, required for efficient lysis of E. coli (Young e t al., 1979) , appeared remarkably similar ; both predictions contained a hydrophobic region of beta-sheet followed by two turns, a second region of beta-sheet that was slightly more extended in A Rz than in ORF2', followed by two turns and a third region of beta sheet, this time hydrophilic in nature. However, at the primary sequence level, compared using BESTFIT, only 24 YO of the residues over 128 aa with 6 gaps were identical between Rz and ORF2'. In view of the very biased amino acid content of ORF2' i.e. high arginine content and an unusual stretch of serine and threonine residues, and the abrupt change in G + C content of the nucleic acids between the ORF2 coding region (61 %) and that which is uniquely ORF2' (76 %), we suspect that ORF2' is not translated. No proteins in the databases were similar to ORF3, ORFG or the partial ORF5.
A tRNA-like gene located just upstream of ORFl was discovered by its sequence similarity to tRNA genes from Micrococcus Intens and Streptomyces lividans. If this sequence encodes a functiorial tRNA then it would insert a threonine residue during protein synthesis using the anticodon CGU (Fig. 6) . The tRNA-like gene maintains all the conserved features of tRNAs with the exception of the apparently unpaired Us at positions 31 and 39 which normally form the fifth base pair in the stem of the anticodon arm ( Fig. 6 ; Sprinzl e t al., 1989) . However, several eukaryotic tRNAs, including mitochondriallyencoded tRNAThr in Neuroqora crassa contain pseudouracil, a derivative of uracil, at these positions (Sprinzl e t al., 1989) . The 3' CCA sequence may be added posttranscriptionally to produce a mature tRNA ; examples of Streptomyces tRNAs which do not encode the 3' CCA have been reported (Mazodier et al., 1990; Lee et d, 1988;  Reiter et al., 1989; Plohl & Gamulin, 1990).
IP: 54.70.40.11
On: Sat, 15 Dec 2018 03:40:20 The DNA sequence was searched for sequences that have been implicated previously with transcriptional regulation in 4C31 (Ingham etal., 1993 (Ingham etal., ,1994 . A sequence starting at nt 174 contained an 18/21 bp match to the phage-specific early promoter sequences (Fig. 5; Ingham e t al., 1993) . DNA fragments containing this sequence have been shown to encode a functional late promoter (Howe & Smith, 1996) . Two matches to the highly conserved inverted repeat (CIR) sequences were found at coordinates 640 (CIR7) and 2323 (CIR8; Fig. 5 ). There are at least 18 CIR sites located throughout the 4C31 genome and the sequences of 10 of these are now known (Ingham e t al., 1994) . Three CIR sequences have been shown previously to be recognised by the 42 kDa isoform of the repressor gene; together the CIRs and the repressor isoforms are thought to comprise an unusual and complex system to control lysis and lysogeny in #C31 (Smith & Owen, 1991 ; Ingham et al., 1994; Wilson et al., 1995) . Inverted repeat sequences (IRs) were found at co-ordinates 1694-1 725 and 2292-2314. The IR betweeen co-ordinates 1694-1725 in the complementary strand contained the conserved sequences found previously in rho-independent terminators in the early region and the repressor locus in 4C31 (Smith e t al., 1992) .
DISCUSSION
xRNAl is the only transcript in 4C31 so far detected that reads right to left according to the standard map of the phage genome. This 620 nt transcript is detected only in uninduced lysogens. In induced lysogens it is undetectable, presumably because lytic transcription in the opposite direction is so extensive. Sequence analysis demonstrated that ORFG maps in the same region as xRNA1, and also reads right to left. Although ORFG does not have a similar sequence in the databases and therefore the role of this predicted protein cannot be deduced, possible functions include a phage exclusion system or a factor to protect progeny phages by inactivation of receptors (Blasband e t al., 1986; Snyder, 1995) . Examination of the DNA sequence upstream of ORFG revealed a sequence similar to the consensus -10 sequence compiled for vegetative S t r e p t o m y e s promoters (5' TAGGCT at co-ordinates 2317-2312 in Fig. 5 ; Strohl, 1992) . The location of CIR8, 6 bp upstream of this putative promoter, is strongly reminiscent of the organization of immediate-early promoters regulated by repressors in 4C31 (Ingham e t al., 1994; Wilson e t al., 1995) . Immediate-early promoters are recognised by host RNA polymerase and in 4C31 these include the promoters for the repressors themselves (cp7 and cp2) and apI, a promoter thought to initiate transcription of a putative activator of the lytic promoters. It seems likely that the synthesis of xRNAl and therefore the expression of ORFG is controlled by a CIR8-repressor interaction.
Termination of transcription of xRNAl probably occurs at the IR downstream of ORFG which contains, on the complementary strand, the conserved sequence encountered previously in terminators of the early region (Ingham e t al., 1995) .
xRNA1 was not detected using the approaches of Suarez e t al. (1992) . The majority of their data was obtained using the whole of the 4C31 genome to protect RNA prepared from uninduced and induced S. coelicolor(#C31 cts) cultures from S1 nuclease; the protected hybrids were sizefractionated and probed with specific 4C31 restriction fragments. Thus, the large size and double-stranded nature of the protecting probe probably accounts for a loss in sensitivity. xRNAl was only just detectable using the much smaller, single-stranded protecting probes used in this work. However, Suarez e t al. (1992) probed RNA dot-blots with SphI-H (which would encode xRNAl/ORF6) and a signal was obtained using RNA prepared from young and old uninduced lysogenic cultures. A characteristic of 4C31 is its sensitivity to the age of the host, i.e. it does not produce progeny phage in mycelia approaching stationary phase or older (more than 12 h after inoculation; Novikova e t al., 1983) . This block in phage replication was shown to be transcriptional with greatly delayed and reduced synthesis of early and late RNA after induction (Suarez e t al., 1992) . In our S1 mapping experiments xRNAl could not be detected in several independent experiments in cultures which had been allowed to grow for 24 h with or without induction (data not shown). During the lytic cycle, late transcription initiates just to the right of the int gene on the extreme right-hand end of the phage genome, traverses the cos region and extends at least to the KpnI site 3.6 kb in from the left-hand end. In addition to an RNA extending the full length (lRNAl), shorter, overlapping transcripts were produced (1RNAs 2-7, la-4a). Suarez etal. (1 992) demonstrated the presence of a 7000 nt mRNA using S'hI-D as a probe. As the distance from the 5' endpoint of lRNAl to the right-hand end of S'hI-D is 6.9 kb, the 7000 nt transcript observed by Suarez e t al.
( 1 992 (1992) and as no transcription of the integrase could be detected with RNA prepared late in the lytic cycle (data not shown), these mRNAs may be derived from a region to the left of the integrase gene and outside the region studied by our probes.
The 5' end of 1RNA1 was located near a sequence very similar to the phage-specific early promoters, suggesting that both early and late transcription require the putative activator that binds this sequence. No other sequences similar to the phage-specific early promoters were detected in the cos region, notably at the 5' ends of lRNAs la-4a or in region X where the 5' endpoints for IRNAs 5-7 are located. Furthermore, region X, in which the 3' ends of lRNAs 2 and 2a are also located, does not contain the conserved sequence typical of the rho-independent terminators from the early region (Ingham e t al., 1995) . We conclude that the generation of mRNA diversity in the late region may be predominantly via mRNA processing, in marked contrast to the situation in the early region where transcripts arise through the activities of multiple, phage-specific promoters and inefficient termination (Ingham e t al., 1993 (Ingham e t al., ,1995 Analysis of predicted protein products of late gene expression suggested that O R F l may encode a lysis protein of the holin family. ORF2 from the late region and ORF7 from the early region of dC31 belong to a new family of proteins thought to have DNase activity (Gorbalenya, 1994) . Phage T4 also has at least four ORFs containing this DNase motif. The functions of these ORFs are not clear; all four lie near genes involved in D N A metabolism (nrdA, topoisomerase, nrdD/nrdG and agt) although ORFD, which lies promoter-proximal in an operon with agt, may have been previously identified as gor2, a mutant allele which suppresses the deleterious effect of rifampicin-resistant RNA polymerase on T4 replication (Gorbalenya, 1994; Gram & Ruger, 1985) . Possible functions for the dC31 homologues are, for the product of ORF7, nicking the D N A backbone at a putative origin of rolling circle replication, and, for the product of ORF2, maturation of the D N A during packaging. N o function could be assigned to ORF3 or the partial ORF5. In view of the transcription map it would seem likely that ORF5 would terminate at Y approximately 100 bp downstream of the limit of our sequencing.
